developmental regulation of tropoelastin gene transcription; hyperoxia and tropoelastin gene expression; reverse transcription-polymerase chain reaction of intron-specific primers; tropoelastin heterogenous nuclear ribonucleic acid; hyperoxic injury in neonatal lung; bronchopulmonary dysplasia IN THE DEVELOPING LUNG, elastic fibers are assembled in the extracellular matrix as the lung undergoes the transition from the saccular to the alveolar stage. A role for elastic fibers in providing structural support for emerging alveolar septa has been suggested by the temporal association between the appearance of bundles of elastic fibers at the tips of secondary septa and the formation of new alveoli (9, 10, 15) . A decrease in lung elastin, due either to the proteolytic destruction of existing elastic fibers (6) or to a reduction in synthesis resulting from decreased bioavailability of copper (22, 30) , has been linked with impaired septation, further supporting the concept that elastic fibers play a vital role in normal secondary septal development.
In the lung, as in other tissues, the synthesis of the soluble precursor of elastin, the tropoelastin monomer, occurs primarily during the late fetal and early postnatal periods, ceasing after maturation of the organ is completed. In the absence of injury, tropoelastin synthesis is not reinitiated. The developmental regulation of tropoelastin synthesis in the interstitial lung fibroblast has been of particular interest because this cell is the primary source of interstitial elastin in the alveolar wall. Because the regulatory control of tropoelastin synthesis is reported to vary with cell type during development, tropoelastin gene expression in whole lung homogenate may not accurately reflect that in the interstitial fibroblast. In the postnatal lung, tropoelastin mRNA levels, shown by in situ hybridization to peak on day 4 in vascular smooth muscle cells, did not peak in interstitial fibroblasts until day 11 (3) . Rich et al. (35) demonstrated that in vitro exposure to insulin-like growth factor I increased tropoelastin mRNA and protein in aortic smooth muscle cells but not in lung fibroblasts from 2-or 3-day-old pups. The insulin-like growth factor I-induced increase in elastin gene transcription in smooth muscle cells was later shown by this group to be due to the displacement from the elastin-promoter-enhancer region of Sp1, a negative regulatory factor (19) . Transforming growth factor-␤ (TGF-␤) was shown by McGowan (27) to increase tropoelastin steady-state mRNA and soluble elastin levels in lung fibroblasts but not in smooth muscle cells. Taken together, these findings demonstrate the importance of evaluating elastin gene expression in specific cell types as opposed to whole lung homogenate.
In the rat lung fibroblast, tropoelastin message expression, detected by in situ hybridization, increases during alveolarization on days 8-12 and returns to background levels by day 23 (3) . Tropoelastin gene transcription and message expression were initially thought to be coordinately regulated; thus it was assumed that gene induction and upregulation in lung fibroblasts occurred at the time of secondary septal development and that both transcription and message expression were downregulated in the mature lung. Swee et al. (37) recently challenged this concept, reporting that in cultured adult lung fibroblasts tropoelastin gene transcription is not downregulated, although steady-state tropoelastin mRNA levels are low, suggesting that the termination of tropoelastin expression after septation is under posttranscriptional control. Recent studies support the concept that, in the postnatal lung fibroblast, elastin production is influenced by tropoelastin mRNA stability. A TGF-␤1-mediated increase in tropoelastin mRNA stability has been shown to occur in lipid-laden neonatal rat lung fibroblasts (29) and in a human fetal lung fibroblast cell line (GM05389) (23) . The age-related differences in tropoelastin mRNA stability observed by Swee et al. (37) may be attributable, at least in part, to the fact that the content of latent plus active TGF-␤s is 4.5-fold higher in the lungs of 8-day rat pups compared with levels in adult lungs (29) .
Although progress has been made in defining the conditions under which tropoelastin mRNA stability is increased, there is little information as to which factors are operative during lung development. Furthermore, the precise time course of the developmental regulation of tropoelastin gene transcription has not been previously delineated. In the present study, we have examined the temporal changes in tropoelastin gene and message expression in rat lung fibroblasts during the late fetal and early postnatal periods. The limited number of freshly isolated fibroblasts that could be obtained from neonatal rat lungs prompted the use of an assay involving RT-PCR with intron-specific primers to assess levels of tropoelastin heterogeneous nuclear RNA (hnRNA) as a measure of ongoing tropoelastin gene transcription (24) . The results of the present study demonstrate that tropoelastin gene transcription is upregulated by fetal day 21 but that transcription is not maintained at a constant level after upregulation. Instead, tropoelastin gene transcription decreases after birth until the second postnatal week when transcription again increases but to levels substantially lower than those seen on fetal day 21.
We also investigated the effects of in vivo hyperoxic exposure on the developmental regulation of tropoelastin gene transcription to determine whether changes at the transcriptional level contributed to the altered tropoelastin protein and message expression seen in the lungs of neonatal rat pups exposed to hyperoxia (4) (5) (6) . The potential influence of hyperoxic exposure on elastin synthesis in the immature lung is of particular relevance for the premature infant chronically ventilated with high concentrations of supplemental oxygen in whom alveolar formation is impaired (26) . Our results indicate that hyperoxic exposure of the immature rat lung to high concentrations of oxygen does, in fact, alter tropoelastin gene transcription and suggest that continued exposure could decrease transcription in the premature infant as well.
METHODS

Isolation of Rat Lung Fibroblasts
The offspring of timed-pregnant Sprague-Dawley dams (Harlan Sprague Dawley, Indianapolis, IN) were used in these experiments. Fetuses (n ϭ 10-12) were killed on days 18, 20, and 21 of gestation (term ϭ 22 days). Postnatal pups (n ϭ 3-5), born between 8 and 10 AM, were killed at ages ranging from 2 to 23 days. The day of birth was designated day 0.
The lungs were removed, rinsed with calcium-and magnesium-free Hanks' balanced salt solution (HBSS) and minced into 1-to 2-mm 3 pieces. The minced lung tissue was incubated in HBSS containing 0.3 mg/ml of type IV collagenase and 0.5 mg/ml of trypsin in a shaking water bath maintained at 37°C. At each of six 10-min intervals, the minced tissue was passed through a 25-ml pipette 10 times to dissociate the cells. The cells in suspension were then removed from the lung homogenate and added to an equal volume of cold (4°C) complete medium containing 1:1 (vol/vol) DMEM-Ham's F-12, 10% fetal bovine serum, penicillin (10,000 units/100 ml), streptomycin (10,000 µg/100 ml), and glutamine (29.2 mg/100 ml). Enzymes and tissue culture reagents were purchased from GIBCO BRL (Life Technologies, Grand Island, NY). Fresh collagenase-trypsin was then added to the remaining lung homogenate, and the homogenate was returned to the shaking water bath. At the end of the 1-h digestion, the cells were pelleted by centrifugation, plated in complete medium in a T-75 flask, and incubated at 37°C in 95% air-5% CO 2 for 1 h. The nonadherent cells were aspirated, the flasks were rinsed thoroughly with HBSS, and the adherent fibroblasts were frozen at Ϫ80°C. Although the purity of each flask was not assessed before RNA extraction, this differential adherence protocol has been found, in our hands, to result in Ͼ95% fibroblasts at 24 h as evidenced by their spindle-shaped appearance when viewed at the light-microscopic level and by immunohistochemical staining for vimentin (39) .
Extraction of Total RNA
Isolated fibroblasts and whole lungs were homogenized with a Polytron homogenizer (Brinkman Instruments, Westbury, NY). Total RNA was extracted from isolated fibroblasts with TRI-REAGENT-LS and from whole lung with TRI-REAGENT according to the manufacturer's recommended protocol (Molecular Research Center, Cincinnati, OH). Glycogen (100 µg) was used as a carrier when extracting RNA from isolated fibroblasts because the sample size was sometimes as low as 1-5 ϫ 10 3 cells.
RT-PCR
RT. RT-PCR (13) was performed with a Gene-Amp RNA PCR kit (Perkin-Elmer, Foster City, CA). The protocol recommended by the manufacturer was modified by adding 0.2 units of RNase-free DNase I (Worthington, Freehold, NJ) to remove contaminating DNA before the addition of reverse transcriptase (18) . The primer pairs used to amplify tropoelastin hnRNA do not distinguish between genomic DNA and cDNA; thus the removal of contaminating genomic DNA was essential. The final reaction volume contained the following: 0.4 µg of RNA; 20 units of RNase inhibitor; 1 mM CaCl 2 ; 1 mM each dGTP, dATP, dTTP, and dCTP; 5 mM MgCl 2 ; 5 µM random hexamers; 1ϫ PCR buffer II (10 mM Tris · HCl, pH 8.3, and 50 mM KCl); and 50 units of Moloney murine leukemia virus reverse transcriptase (added after the DNase treatment). The initial reaction mix (19 µl) was first incubated in the cycler (2400 Perkin-Elmer Cetus) for 30 min at 37°C to remove genomic DNA, then heated at 75°C for 5 min to inactivate DNase I, and cooled to 4°C. Next, 50 units (1 µl) of Moloney murine leukemia virus reverse transcriptase and 20 units of RNase inhibitor were added to the reaction mix, which was then incubated at room temperature for 10 min followed by a 30-min incubation at 42°C. The RT reaction was terminated by heating at 90°C for 5 min and cooling at 4°C for 5 min. Parallel no-RT reactions, in which 1 µl of diethyl pyrocarbonate-treated water was substituted for 1 µl of reverse transcriptase, were run for each sample and primer pair combination.
PCR. the addition of 1.0 µl of sample cDNA, the tubes were placed in a cycler (2400 Perkin-Elmer Cetus) heated to 95°C and incubated for 1 min 45 s to inactivate reverse transcriptase. The heated cover on the 2400 Perkin-Elmer cycler prevented refluxing and condensation during thermal cycling, thus avoiding the necessity to overlay the tubes with mineral oil. The samples were then denatured at 94°C for 30 s, annealed at 60°C for 30 s, and extended at 72°C for 1.5 min. The number of amplification cycles ranged from 14 for cyclophilin and tropoelastin mRNA to 26 for tropoelastin hnRNA. The radiolabeled PCR products were resolved by electrophoresis on 12.5% polyacrylamide gels. The dried gels were quantitated with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). Autoradiographic films of the gels were also quantitated with a BioImager (Millipore, Ann Arbor, MI). The identities of the amplified cDNAs were confirmed on an automated sequencer (Perkin-Elmer) located in the Macromolecular Structure Analysis Facility at the University of Kentucky (Lexington).
PCR Primers
The tropoelastin primers were designed to amplify two specific regions of tropoelastin RNA. The intron-specific primer pair, used to amplify hnRNA, contained sequences found in the 3Ј region of exon 35 (5Ј primer) and the 5Ј region of intron 35 (3Ј primer). The exon 35 primer and the intron 35 primer were used together to minimize the possibility that excised introns would also be amplified. The 5Ј forward primer and the 3Ј reverse-complement primer for tropoelastin hnRNA were AAAACCCCCGAAGCCCTA and ACCTCTGACTCT-GTCTCTTT, respectively. The amplified product of the hnRNA primer pair is 94 bp. The primers used to amplify tropoelastin mRNA included the 5Ј forward primer for tropoelastin hnRNA described above and a 3Ј reverse-complement primer, ACATTCTCCACCAAGCAGTA, a sequence located in the 5Ј region of exon 36. The tropoelastin mRNA primer pairs resulted in a 154-bp PCR product. The sequences selected for tropoelastin primers and products avoided exons known to be alternatively spliced (17, 32) . To amplify the cyclophilin 205-bp product, the 5Ј forward and 3Ј reverse-complement primer sequences used were ATGGTCAACCCCACCGTGTT and GCGTGTGAAGTCACCACCCT, respectively.
In Vivo Exposure to Hyperoxia
On postnatal day 2, pups from four to five dams were assigned to new litters that were similar with respect to weight, ratio of male to female pups, and number of pups born to each dam. Hyperoxic exposures were initiated when the pups were 2-5 days of age. The pups were exposed to humidified oxygen at a flow rate of 10 l/min in a Lucite exposure chamber (17.5 ϫ 19.5 ϫ 9.5 inches) as described previously (4) . The oxygen concentration in the chamber was maintained at Ͼ95%, with the exception of brief interruptions twice a day to replenish food and water, clean the exposure chambers, and rotate the dams from the hyperoxic to the normoxic environment or vice versa. The oxygen concentration in the exposure chamber was monitored at frequent intervals with oxygen sensor N.22 and oxygen analyzer S-3A/I (Omnitech Electronics, Columbus, OH). Control litters were maintained in room air in standard laboratory cages. Pups in both the control and exposed litters were weighed daily. At the end of the oxygen exposure, exposed and age-matched control pups were killed by a lethal intraperitoneal injection of pentobarbital sodium (120 mg/kg). The lungs were removed, and the fibroblasts were isolated as described in Isolation of Rat Lung Fibroblasts.
Statistical Analysis of Data
The statistical significance of changes in signal for tropoelastin hnRNA and mRNA with increasing fetal and postnatal age was determined by Student's t-test with commercial software (Systat Version 7.0, SPSS, Chicago, IL). Values were considered to be significantly different when P Ͻ 0.05.
RESULTS
RT-PCR Assay
Tropoelastin gene regulation at the transcriptional and posttranscriptional levels was evaluated with an RT-PCR assay to assess signals for both mRNA and hnRNA, the precursor of mRNA. The amount of hnRNA present is a function of the rates of transcription and processing and is, therefore, an indirect measure of transcriptional activity. The quantitation of hnRNA by RT-PCR permitted us to estimate the rate of gene transcription in as few as 1-5 ϫ 10 3 freshly isolated rat lung fibroblasts. In contrast, quantitation of the rate of tropoelastin gene transcription by nuclear runoff assay would have required 1 ϫ 10 7 cells and thus a prohibitively large number of animals.
Total RNA from fibroblasts isolated from the lungs of 8-to 12-day-old rat pups was first treated with DNase I, which was subsequently heat denatured, and was then reverse transcribed and amplified for 25 cycles with intron-specific primers to amplify tropoelastin hnRNA. Parallel reactions that did not contain reverse transcriptase were run for each of the samples to verify the absence of genomic DNA. The PCR products were separated by PAGE, and the gel was stained with ethidium bromide to identify the molecular-weight standards, dried, and exposed to radiographic film. The 94-bp PCR product representing tropoelastin hnRNA was seen in each of the samples treated with reverse transcriptase but was absent in each of the samples not treated with reverse transcriptase, demonstrating the absence of contaminating genomic DNA after treatment with DNase I (Fig. 1) . In all subsequent RT reactions, the absence of contaminating genomic DNA was confirmed for each RNA sample.
Initial experiments were conducted to optimize RT-PCR by determining the relationship of signal strength for tropoelastin hnRNA to the amount of input RNA and to the PCR cycle number. Conditions were first optimized for tropoelastin hnRNA because this was the least abundant of the RNAs to be evaluated. RNA obtained from whole lung homogenate from an 11-dayold rat was added in increasing amounts (0.05, 0.10, 0.30, 0.50, and 1.00 µg) to the RT reaction. After amplification for 24 cycles, the increase in tropoelastin hnRNA signal was found to be linearly proportional to input RNA as RNA increased from 0.05 to 0.5 µg. Between 0.5 and 1.0 µg of input RNA, the slope of the line leveled off slightly. Similar assays were conducted with both the tropoelastin mRNA and the cyclophilin primer pairs. When amplified for 19 cycles, the tropoelastin mRNA signal was linear between 0.1 and 0.5 µg of input RNA. Cyclophilin, a constitutively expressed gene (31) , was also linear between 0.1 and 0.5 Using 0.4 µg of input RNA from fetal (day 21) rat lung fibroblasts, we then evaluated signal strength for tropoelastin hnRNA (20, 22, 24 , and 26 cycles), tropoelastin mRNA (14, 16, 18 , and 20 cycles), and cyclophilin (14, 16, 18 , and 20 cycles). A linear increase in signal was observed for tropoelastin hnRNA from 22 to 26 cycles, for tropoelastin mRNA from 14 to 20 cycles, and for cyclophilin from 14 to 20 cycles.
Influence of Fetal vs. Postnatal Age on Expression of Tropoelastin hnRNA and mRNA in Isolated Fibroblasts
Tropoelastin hnRNA and mRNA were evaluated in freshly isolated rat lung fibroblasts obtained from 10-12 fetal pups in each of three litters at 18, 20, and 21 days of gestation (term is 22 days). The lungs were removed, and the fibroblasts were isolated as described in Isolation of Rat Lung Fibroblasts. Total RNA was reverse-transcribed and amplified, and the resultant PCR products were separated by PAGE ( Fig. 2A) . Unless otherwise indicated, the data were normalized for cyclophilin, a constitutively expressed gene (36) . Upregulation of tropoelastin gene and message expression occurred late in gestation. From days 18 to 21 of gestation, there was a 4.5-fold increase in tropoelastin hnRNA levels and a 6-fold increase in tropoelastin mRNA levels (Fig. 2, B and C, respectively) When compared with levels on day 18 of gestation, both tropoelastin hnRNA and mRNA signals were increased significantly on fetal day 21 (P Ͻ 0.0001 and P ϭ 0.002, respectively). Increases in both tropoelastin hnRNA and mRNA were also significant before normalization for cyclophilin (P ϭ 0.004 and P ϭ 0.014, respectively), indicating that the observed increases in tropoelastin hnRNA and mRNA from fetal days 18 to 21 were not an artifact of normalization for cyclophilin.
After birth, there was a significant decrease in both tropoelastin hnRNA (P ϭ 0.021) and mRNA (P ϭ 0.043) in lung fibroblasts (Fig. 3) . Tropoelastin hnRNA levels decreased 58% from fetal day 21 (n ϭ 4 litters) to postnatal day 2 (n ϭ 3 litters); tropoelastin mRNA decreased 47% from fetal day 21 (n ϭ 4 litters) to postnatal day 2 (n ϭ 3 litters). A 50% decrease in tropoelastin hnRNA (P ϭ 0.04) was seen from postnatal days 2 to 6 (n ϭ 3 litters).
The results of the RT-PCR assay of single RNA samples from pooled fibroblasts obtained from 2-3 rat pups at each age from days 2 to 6 and from days 8 to 11 indicated that tropoelastin transcription is not further downregulated beyond postnatal day 3 and that transcription remains essentially unchanged from day 3 until days 9-11 when gene expression is again upregulated (Fig. 4) . A comparison of tropoelastin hnRNA and mRNA signals from pooled lung fibroblasts obtained at ages ranging from day 18 of gestation until postnatal day 23 demonstrated that, once upregulated in the postnatal lung fibroblast, tropoelastin gene transcription remained upregulated on day 23, whereas mRNA was decreased in day 23 lung fibroblasts to levels that approximated those seen on fetal day 18, in agreement with the demonstration of posttranscriptional control of elastin expression in the mature lung by Swee et al. (37) (Fig. 5) .
The late fetal and early postnatal changes in tropoelastin hnRNA versus mRNA were then compared by normalizing the data to the hnRNA and mRNA levels obtained on day 18 of gestation (Fig. 6) . The percent increase in tropoelastin mRNA was consistently greater than the percent increase in hnRNA. This difference was particularly striking during days 9-11, suggesting an increase in mRNA stability during alveolarization. Taken together, these results indicate that tropoelastin gene expression is mediated at both the transcriptional and posttranscriptional levels in the rat lung fibroblast.
Influence of Postnatal Age at the Onset of Hyperoxic Exposure on the Developmental Expression of Tropoelastin hnRNA and mRNA in Whole Lung Homogenate and Isolated Fibroblasts
The influence of hyperoxic exposure on tropoelastin gene and message expression was evaluated in each of four separate oxygen exposure regimens. To approximate the range of gestational ages over which the premature infant is exposed to high concentrations of oxygen, exposures were initiated at multiple time points and continued for different periods of time during alveolar formation. Total RNA was extracted from whole lung homogenate in one of the hyperoxia exposure experiments. In three additional exposures, total RNA was extracted from pooled samples of freshly isolated lung fibroblasts.
In the first exposure, whole lung homogenate was obtained from 11-day-old control rat pups and from Fig. 1 . Amplification of tropoelastin heterogeneous nuclear RNA (hnRNA) in presence and absence of reverse transcriptase (RT). RNA (0.4 µg) from pooled lung fibroblasts isolated from 2-3 rat pups at 8-12 days of age was treated with DNase I, then incubated in presence (RT) or absence (no RT) of RT for 10 min at room temperature followed by 42°C for 30 min, and then amplified for 25 cycles. PCR products were separated by PAGE, and gel was stained with ethidium bromide to identify molecular-weight standards, dried, and exposed to radiographic film to detect 94-bp tropoelastin hnRNA PCR products. Tropoelastin hnRNA was present in each sample treated with RT but absent in each sample not reverse transcribed, demonstrating absence of contaminating genomic DNA in samples treated with DNase I. Nos. on left and right, bp. http://ajplung.physiology.org/ pups continuously exposed to Ͼ95% oxygen from 2 to 11, 3 to 11, or 5 to 11 days of age, for a total exposure duration of 9, 8, or 6 days, respectively. The lungs were removed and trimmed of extraneous tissue, and total RNA was extracted from homogenized lungs and subjected to RT-PCR as described in RT-PCR. Values for tropoelastin hnRNA and mRNA were again normalized to cyclophilin. In preliminary experiments, the expression of ␤-actin and cyclophilin mRNAs in rat lung fibroblasts were compared. The ratios of ␤-actin to Fig. 3 . Tropoelastin hnRNA (A) and mRNA (B) are downregulated after birth. Total RNA was isolated from lungs of E-21 (n ϭ 10-12 fetuses from each of 4 litters), postnatal day 2 (2 day; n ϭ 2-3 pups from each of 3 litters), and postnatal day 6 (6 day; n ϭ 3 pups from each of 3 litters) rats. Total RNA (0.4 µg) was amplified by RT-PCR with primer pairs for tropoelastin hnRNA (25 cycles), tropoelastin mRNA (16 cycles), and cyclophilin (18 cycles). PCR products were separated by PAGE, and radioactivity of dried gels was quantitated by PhosphorImager analysis. There was a significant decrease in tropoelastin hnRNA from E-21 to postnatal day 2 (* P ϭ 0.021) and from postnatal day 2 to day 6 (** P ϭ 0.04). Tropoelastin mRNA decreased significantly from E-21 to postnatal day 2 (* P ϭ 0.43). Fig. 2 . Tropoelastin hnRNA is upregulated in fetal rat lung fibroblasts at end of gestation. A: autoradiograph of tropoelastin hnRNA and cyclophilin mRNA from freshly isolated fetal lung fibroblasts. Total RNA was isolated from fetal lung fibroblasts on days 18 (E-18), 20 (E-20), and 21 (E-21) of gestation. Each RNA sample contained RNA from 10-12 fetal lungs. Three RNA samples, each of which contained lung fibroblasts from 10-12 fetal rats from 1 of 3 separate litters, were examined at each fetal age. RNA (0.4 µg) was amplified by RT-PCR with primer pairs for tropoelastin hnRNA (25 cycles) and mRNA (16 cycles) and cyclophilin (17 cycles). PCR products were separated by PAGE, and radioactivity was quantitated by PhosphorImager analysis. Equivalent amplification and loading of samples are demonstrated by similarity among samples from each gestational age with respect to signal for tropoelastin hnRNA and cyclophilin, a constitutively expressed gene. B and C: tropoelastin hnRNA and mRNA signals, respectively, normalized for cyclophilin. Data are means Ϯ SD; n ϭ 3 litters. These results demonstrate a 4.5-fold increase in tropoelastin hnRNA (P Ͻ 0.0001) and a 6-fold increase in mRNA (P ϭ 0.002) from E-18 to E-21. * Significantly greater than E-18 values, P Ͻ 0.05. † Significantly greater than E-20 values, P ϭ 0.001. http://ajplung.physiology.org/ cyclophilin were found to be essentially constant at five separate time points during the course of an 8-day hyperoxic exposure. The mean value (ϮSD) for the ␤-actin-to-cyclophilin ratio was 1.34 Ϯ 0.19, indicating that the two constitutively expressed genes are equally valid as standards for the normalization of the RT-PCR data from oxygen-exposed rat lungs.
When compared with values seen in the 11-day control pups, signals for both tropoelastin hnRNA and tropoelastin mRNA were decreased in the lungs from pups exposed to hyperoxia from 2 to 11, 3 to 11, and 5 to 11 days (Fig. 7) . Initiation of the exposure on day 3 resulted in an 83% decrease in both tropoelastin hnRNA and mRNA relative to 11-day control pups. Substantial decreases were also seen when the exposure was initiated on postnatal day 2 (52% for hnRNA and 66% for mRNA) or on postnatal day 5 (43% for hnRNA and 60% for mRNA). Although tropoelastin hnRNA and mRNA obtained from whole lung homogenate comprises the tropoelastin synthesized in any or all of three distinct compartments in the lung, the vasculature, airways, and stroma, the results of previous in situ hybridization experiments indicate that, on postnatal day 11, the tropoelastin mRNA signal in lung cells other than fibroblasts is minimal in rat pups (3).
In the second hyperoxic exposure, pups were continuously exposed to Ͼ95% oxygen from 3 to 11, 4 to 11, 5 to 11, or 6 to 11 days to further assess the effect of age at the onset of exposure on peak postnatal tropoelastin gene expression (Fig. 8) . Values represent pooled samples of freshly isolated lung fibroblasts from 2-3 pups for each exposure regimen. There was no evidence of a consistent trend with increasing age at the onset of the exposure. Values for tropoelastin hnRNA were decreased to 9, 26, 44, and 19% of 11-day control values after exposure for 8, 7, 6, and 5 days, respectively. Tropoelastin mRNA values were increased to 134% of control values in the 4-to 11-day exposure regimen. For the 3-to 11-day exposure, tropoelastin mRNA values were 48% of 11-day control values; for the 5-to 11-and 6-to 11-day exposures, tropoelastin mRNA values were 76 and 92% of control values, respectively. In the third experiment, we assessed the influence of duration of hyperoxic exposure on tropoelastin gene expression. The oxygen exposure was initiated on postnatal day 2, and the pups were exposed continuously to Ͼ95% oxygen until they were killed on days 6, 8, 9, 10, or 11 after exposure for 4, 6, 7, 8, or 9 days, respectively (Fig. 9) . Hyperoxic exposure was again seen to alter tropoelastin gene and message expression when the values were compared with age-matched control values. Shorter exposure times, 4, 6, and 7 days, increased tropoelastin hnRNA 21, 40, and 21%, respectively.
Tropoelastin mRNA levels were increased 261% after the 4-day exposure and 60% after the 6-day exposure. The 7-day exposure resulted in a 10% decrease in tropoelastin mRNA. After the 8-and 9-day exposures, both hnRNA and mRNA were decreased. The greater decrease was seen in the 8-day exposure; hnRNA was decreased by 59% and mRNA was decreased by 67%. The 9-day exposure resulted in more modest decreases in both hnRNA (28%) and mRNA (4%). Taken together, these results indicate that when exposure is initiated on postnatal day 2, shorter exposures of 4-7 days increased tropoelastin hnRNA and mRNA, whereas ) and mRNA (open bars) in whole lung homogenate from oxygenexposed vs. 11-day control rat pups. Whole lung homogenate was obtained from 2-3 pups exposed to Ͼ95% oxygen from postnatal days 2 to 11, 3 to 11, or 5 to 11 and from 11-day control pups. Total RNA from whole lung homogenate (pooled) was reverse transcribed and amplified for 23 (hnRNA), 18 (cyclophilin), or 16 (mRNA) cycles. PCR products were separated by PAGE, and radioactivity quantitated by PhosphorImager analysis. Levels of tropoelastin hnRNA and mRNA were normalized for cyclophilin. Fig. 8 . Hyperoxia decreases tropoelastin hnRNA (solid bars) in isolated lung fibroblasts from pups exposed from 3 to 11, 4 to 11, 5 to 11, and 6 to 11 days of age. Open bars, tropoelastin mRNA. Fibroblasts were isolated from lungs of 2-3 pups subjected to each of the 4 exposure regimens. Total RNA (0.4 µg from pooled samples obtained from each of the 4 exposure regimens) was reverse transcribed and amplified for 25 (hnRNA), 16 (mRNA), or 18 cycles (cyclophilin). PCR products were separated by PAGE, and radioactivity was quantitated by PhosphorImager analysis. Levels of tropoelastin hnRNA and mRNA were normalized for cyclophilin. Fig. 9 . Duration of hyperoxic exposure influences tropoelastin hnRNA (solid bars) and mRNA (open bars) in isolated rat lung fibroblasts. Fibroblasts were isolated from lungs of 2-3 pups exposed to Ͼ95% oxygen from postnatal days 2 to 6, 2 to 8, 2 to 9, 2 to 10, and 2 to 11 and from 2-3 control pups on 6 and 8-11 days of age. Total RNA (0.4 µg) from freshly isolated lung fibroblasts (pooled) was reverse transcribed and amplified for 25 (tropoelastin hnRNA), 18 (tropoelastin mRNA), or 17 (cyclophilin) cycles. PCR products were separated by PAGE, and radioactivity quantitated by PhosphorImager analysis. Signal for tropoelastin hnRNA and mRNA, normalized to cyclophilin, is presented as a percentage of values obtained from age-matched control pups on postnatal days 6 and 8-11. http://ajplung.physiology.org/ longer exposures, 8 or 9 days, are associated with a decrease in tropoelastin hnRNA and mRNA. There is no apparent explanation for the observation that the 8-day exposure resulted in a greater decrease in hnRNA and mRNA than the 9-day exposure.
In the fourth exposure regimen, we compared the effects of age when the exposure was initiated, 2 versus 3 days of age, on tropoelastin hnRNA and mRNA. The pups were exposed from 2 to 9, 10, or 11 days of age and from 3 to 9, 10, or 11 days of age (Fig. 10) . The results of this exposure indicated that, when initiated on postnatal day 2 or 3, hyperoxic exposure decreased expression of tropoelastin hnRNA and mRNA relative to agematched control values; however, a clear effect of the exposure start date was not seen in this experiment.
The combined results of the four exposures demonstrate that hyperoxic exposure caused a significant decrease in tropoelastin hnRNA or mRNA when initiated on postnatal day 2 or 3. After exposure for 2-11 days (n ϭ 3 exposures), tropoelastin hnRNA values decreased 48 Ϯ 18% relative to control values (P ϭ 0.005); mRNA values decreased 44 Ϯ 35% (P ϭ 0.048). After exposure for 3-11 days (n ϭ 3 exposures), tropoelastin hnRNA values decreased 75 Ϯ 21% (P ϭ 0.002) and mRNA values decreased 65 Ϯ 16% (P ϭ 0.001) relative to control values. The decreases seen in tropoelastin hnRNA and mRNA in pups exposed for 3-11 days were not significantly greater than the decreases seen in pups exposed for 2-11 days.
DISCUSSION
We have shown that tropoelastin gene transcription and message expression in fetal rat lung fibroblasts are coordinately upregulated before birth, downregulated after birth, and then upregulated again during alveolarization. Our conclusions regarding tropoelastin gene transcription are based on the amplification and detection of intron-specific sequences from recently transcribed hnRNA. Using RT-PCR, we evaluated the steady-state levels of tropoelastin hnRNA to provide an indirect measure of the transcriptional activity of the gene. The amount of hnRNA present at any given time is a function of both the rate of transcription and the rate of nuclear processing. The use of this technique to assess rates of gene transcription has been validated in recent studies comparing hnRNA levels of genes for tropoelastin (37) , ␣ 1 (I) procollagen (37) , and stromelysin (40) with the results of nuclear runoff assays. The temporal pattern of tropoelastin gene expression was assessed in freshly isolated, as opposed to cultured, fibroblasts because of the possibility that in vitro rates of tropoelastin gene transcription might not accurately reflect transcription rates in vivo.
Using an RT-PCR-based intron amplification technique similar to the one used herein, Swee et al. (37) reported that tropoelastin gene transcription, which was barely detectable in fetal day 19 lungs, was induced and upregulated by postnatal day 3 and that the level of gene expression seen on day 3 was maintained in the adult rat, although tropoelastin message expression had ceased. Confirmation of their RT-PCR results by nuclear runoff assays indicated that the continued expression of tropoelastin hnRNA in the adult lung fibroblast reflected ongoing transcription and was not attributable to slower processing of hnRNA. In the present study, we assessed tropoelastin hnRNA levels at multiple late fetal and early postnatal ages and found that tropoelastin gene transcription is, in fact, upregulated before day 3. Furthermore, we have shown that tropoelastin hnRNA levels on day 3 are decreased substantially from the peak levels seen in fetal day 21 lung fibroblasts, indicating that the upregulation of transcription seen before birth is a transient phenomenon.
Although the regulation of tropoelastin gene transcription has received considerable attention, few studies have provided information that is relevant to the developmental upregulation of tropoelastin gene transcription in the perinatal rat lung fibroblast. Pierce et al. (33) noted a dramatic increase in tropoelastin mRNA in whole lung homogenate from 19 to 21 days of gestation and suggested that plasma cortisol, which peaks on fetal day 19.5 and then decreases steadily until birth (12) , either induces or maintains tropoelastin expression in the fetal lung. A significant increase in tropoelastin mRNA in fetal day 19 fibroblasts cultured in the presence of 10 Ϫ7 M cortisol for 24 h was observed by Yee et al. (41) . Cortisol was also found by these investigators to activate the transcription of stable transfected cDNA for TGF-␤3 under the control of the glucocorticoid-inducible long-terminal repeat promoter in a fetal rat lung fibroblast cell line. Furthermore, inhibition of TGF-␤3 production with antisense oligonucleotides prevented the cortisol-induced increase in tropoelastin mRNA, suggesting a role for this growth factor in the regulation of tropoelastin expression. Observations by Swee et al. (37) that dexamethasone, when administered to pregnant rats on days 16-18 of Fig. 10 . Both duration of oxygen exposure and age at onset of exposure influence tropoelastin gene (hnRNA; solid bars) and message expression (mRNA; open bars). Rat pups were exposed to Ͼ95% oxygen from postnatal day 2 or 3 until day 9, 10, or 11. Total RNA from freshly isolated lung fibroblasts was reverse transcribed and amplified for 24 (hnRNA), 16 (mRNA), or 18 (cyclophilin) cycles. PCR products were separated by PAGE, and radioactivity was quantitated by PhosphorImager analysis. Values for tropoelastin hnRNA and mRNA in fibroblasts from control and oxygen-exposed pups were normalized for cyclophilin. gestation, upregulates tropoelastin gene transcription in the fetal lung by day 19 suggest that although endogenous glucocorticoids have a much lower affinity for glucocorticoid receptors, cortisol may also influence tropoelastin transcription in vivo.
Retinoic acid (RA), shown to upregulate tropoelastin gene transcription in neonatal rat lung lipid interstitial fibroblasts (LIF) in vitro (25) , could also play a critical role in the regulatory control of this gene during development. Subsequent studies by this group delineated the developmental changes in retinoids in LIF (28) . All-trans RA and mRNAs for RA receptor (RAR)-␤ and RAR-␥ were observed to peak between fetal day 19 and postnatal day 2. Both RAR-␤ and RAR-␥ mRNAs decreased by day 4, then increased again on day 8. A further increase was seen in RAR-␥ by day 12; however, neither RAR mRNA reached the peak levels seen on postnatal day 2. The close temporal correlation with the developmental pattern of tropoelastin gene transcription observed in the present study suggests that RA and RARs may influence the regulatory control of tropoelastin transcription in rat lung LIF both preceding and during alveolarization. The administration of exogenous glucocorticoids to human infants increases serum retinol concentrations (16); thus endogenous glucocorticoids may also influence the bioavailability of RA.
We have observed a close correlation between changes in levels of tropoelastin hnRNA and mRNA in late fetal and early postnatal lung fibroblasts, consistent with the observations of others (31) that upregulation of tropoelastin is controlled at the transcriptional level. In the adult lung fibroblast, however, tropoelastin expression is also controlled by posttranscriptional mechanisms (37). TGF-␤1, which has no effect on tropoelastin gene transcription, has been shown to increase tropoelastin mRNA stability in vitro both in LIF (29) and in a human fetal lung fibroblast cell line (23) . A role for TGF-␤1 in the relative increase in tropoelastin mRNA versus hnRNA seen in our study on postnatal days 9-11 and in the marked decrease in tropoelastin mRNA but not in hnRNA in the day 23 lung fibroblast is suggested by observations that 8-day rat lungs contain 4.5 times more latent plus endogenously active TGF-␤ than do adult lungs (29) .
The second objective of this study was to assess the effects of in vivo hyperoxic exposure on the normal developmental pattern of tropoelastin gene transcription in rat lung fibroblasts. We have previously identified hyperoxia-induced changes in the expression of elastin protein (6) and tropoelastin mRNA (4) and demonstrated that postnatal age at the onset of the hyperoxic exposure influenced steady-state levels of tropoelastin mRNA in the postnatal lung (5) . The present studies were conducted to determine whether transcriptional control of tropoelastin expression was altered by hyperoxic exposure during lung development. Our results indicated that hyperoxic exposure alters both tropoelastin gene transcription and steadystate levels of tropoelastin mRNA and that hnRNA and mRNA were coordinately regulated during the exposure. In three separate experiments, exposure to Ͼ95% oxygen, either from days 2 to 11 or from days 3 to 11, significantly decreased both tropoelastin hnRNA and mRNA relative to 11-day control values. When initiated on day 2, shorter exposures, e.g., 4 or 6 days, resulted in increased tropoelastin hnRNA and mRNA expression relative to age-matched control values, whereas the 7-day exposure had a negligible effect on tropoelastin expression.
Of the cytokines known to be involved in the inflammatory response to hyperoxic exposure in the lung, the effects on tropoelastin expression in lung fibroblasts are known for only a few. The early-response mediators of inflammation, tumor necrosis factor-␣ and interleukin-1␤, decrease tropoelastin gene transcription in dermal fibroblasts (21) and LIF (1), respectively. Johnston et al. (20) found that although both cytokines peaked in the hyperoxic adult mouse lung after 72 h, in the neonatal mouse, the increase in interleukin-1␤ was delayed, peaking after 7.5 days of exposure. Peak levels of tumor necrosis factor-␣ were seen after 10 days (20) . Thus either or both of these cytokines could contribute to the decreases in tropoelastin hnRNA and mRNA seen in pups exposed from days 2 to 11 or from days 3 to 11.
Basic fibroblast growth factor (bFGF) could also play a role in the oxidant-induced alterations in tropoelastin gene transcription. bFGF has been shown by Brettel and McGowan (2) to decrease tropoelastin gene transcription, mRNA, and protein in rat lung LIF in vitro. Others have shown that a brief (3-4 day) hyperoxic exposure increased bFGF mRNA (34) and rates of transcription of both bFGF and the FGF flg receptor (7), whereas after a 14-day exposure, the rates of transcription of bFGF and the FGF flg receptor returned to control levels, bFGF decreased to levels slightly greater than the control level, and flg protein decreased to 50% of the control level (7) . Furthermore, the bioavailability of bFGF stored in the extracellular matrix is also likely to be increased as a result of proteolytic degradation of the matrix during periods of tissue injury and repair in response to hyperoxia (14, 38) .
Our observation that longer oxygen exposures decreased both tropoelastin hnRNA and mRNA is of potential relevance to the premature infant requiring prolonged ventilation with supplemental oxygen. Hyperoxic exposure dramatically impairs septation in the lungs of the neonatal rat (8) , the premature infant (26) , and the premature baboon (11) . Because elastic fibers are thought to play a critical role in alveolarization (10) , the results of the present study suggest that decreased rates of tropoelastin gene transcription in the immature lung exposed to hyperoxia could well be a factor in the impaired septation. Furthermore, the data imply that the response to hyperoxia may be a function of both age at onset and duration of exposure. The evidence presented herein for a biphasic response of tropoelastin gene transcription in the rat lung fibroblast during the late fetal and early postnatal period will facilitate studies directed at determining the relative importance of endogenous glucocorticoids, retinoids, and other factors in the regulatory control of the tropoelastin gene during lung development. It will be http://ajplung.physiology.org/ important to determine in future experiments the extent to which age at the onset of exposure and duration of the exposure influence tropoelastin gene expression to better predict the risk for hyperoxiainduced changes in tropoelastin gene expression in the premature infant.
